, and reduces local strains between the phases, and thereby increases the structural stability of the crystals. The result is a reduction in fracturing and decrepitation, which translates to improved electrochemical performance. Although the thermal stability improved with increasing Mg substitution, the heat evolved during reaction with electrolyte remains proportional to the Mn content and therefore to the theoretical capacity.
Introduction
The strong P-O covalent bond in the orthorhombic lattice has made the olivinetype LiMPO 4 (M = Fe, Mn, Co, Ni) compounds attractive cathode materials for lithiumion batteries. 1 After years of development, LiFePO 4 is now mass-produced for commercial high power batteries. Despite its nearly ideal potential of 4.1 V vs. Li/Li + , lithium manganese phosphate has been found to be an inferior cathode material compared to LiFePO 4 . 2, 3 The much slower kinetics during Li extraction and insertion are directly related to fundamental differences, including lower electronic and ionic conductivities in LiMnPO 4 , the Jahn-Teller effect in Mn 3+ , larger interface strain due to the larger volume change between LiMnPO 4 and MnPO 4 , and the metastable nature of the delithiated phase.
Recent experimental 4 and theoretical studies 5 Most efforts to improve the kinetic performance of LiMnPO 4 have focused on particle size reduction, [6] [7] [8] [9] [10] which increases the rate capability and utilization, but inevitably decreases the volumetric energy density of the electrode. Larger surface area also enhances the reactivity of the material toward the electrolyte, thereby raising safety and lifetime concerns. We have previously studied substitution of various divalent cations (Mg, Ni, Cu and Zn) on the M-site of LiMnPO 4 , 11 a technique that has been shown to be effective in improving the performance of LiFePO 4 . 12, 13 Among these, significant kinetic improvement was achieved with Mg substitution. Here we compare 3 the synthesis, properties and performance of a series of lithium manganese phosphates with a range of Mg content.
Experimental
LiMnPO 4 crystals were synthesized using the hydrothermal method described previously. 14 The sample size for the solid was typically 5 mg, and the solid to electrolyte ratio was fixed at 2:1 (w/w) to ensure the presence of excess electrolyte during the experiment.
Scanning electron microscopy (SEM) images were collected using a Hitachi S-4300 SE/N microscope at 20 kV accelerating voltage. Transmission electron microscopy (TEM) experiments were carried out at the National Center for Electron Microscopy (NCEM) at LBNL, using a Philips CM200 field emission microscope and a JEOL 200CX
electron microscope operating at 200 kV. Samples for TEM were gently ground under ethanol, and the resulting dispersion was transferred to a holey carbon film fixed on a 3 mm copper grid. The images were slightly underfocused to reveal the internal structure of the crystals. Electron diffraction patterns were collected using the selected area electron diffraction (SAED) technique. Fourier transform infrared spectroscopy (FTIR) measurements were performed on KBr pellets using a Nicolet 6700 spectrometer in transmission mode with a spectral resolution of 4 cm -1 . Unless otherwise specified, the electrolyte used for the experiments was 1.0 M LiPF 6 in a 1:1 mixture of EC and PC (EM Industries, Inc.). All the electrochemical tests were carried out at room temperature in an argon-filled glove box.
Results and Discussion

Synthesis and Characterization
Phase pure LiMg FTIR absorption spectra of the unsubstituted and substituted samples are compared in Fig. 2 . In the olivine phosphates, the bands between 1000 and 1150 cm -1 are attributed to the symmetric and antisymmetric stretching vibrations of the PO 4 3-anion, while those between 550 and 650 cm -1 arise from bending vibrations of the anion and lattice modes. 17 With increasing Mg content, the low frequency bands were largely unaffected, while the higher frequency bands shifted continuously toward higher energy, consistent with an increase in the P-O bond strength due to the decrease in the M-O bond covalency. 18 We have shown previously that the choice of precursors and the pH of the solution before the hydrothermal treatment had a large impact on the morphology and performance of the prepared LiMnPO 4 samples. 19 When Mn(NO 3 Fig. 3b) . Interestingly, all the crystals had the same b dimension thickness of 100 nm.
Improved kinetics and physical stability
Our previous studies have shown that chemical or electrochemical delithiation of crystals showed improved kinetics, as suggested by the increased conversion rate. Fig. 4a shows the XRD patterns of the phosphates treated with 50 mol% of the oxidant. Under the same conditions, the sample with x = 0.2 had both the highest delithiated phase content (30 %) and the largest delithiated phase domain size (15 nm). The samples containing more Mg had a nearly constant conversion rate of 20%, but the domain sizes were substantially lower (Fig. 4b) . (Fig. 4c) . The presence of unextracted Li in the Mg-substituted phases also tends to increase their cell volumes, leading to smaller mismatches (9.5% for x = 0, 4.6% for x = 0.5) between the oxidized and reduced phases.
In view of the importance of the phase boundary to the conversion mechanism, (Fig. 6b) . On further delithiation, the initial hexagonal shapes were almost completely destroyed (Fig. 6c) . (Fig. 8b) , which is consistent with the XRD results.
These TEM images of the delithiated crystals provide strong evidence for the course of the phase transition process during delithiation of the Mn phosphates. As is the case in LiFePO 4 , 14 extraction of Li produces delithiated domains with phase boundaries in the bc plane. These grow in a direction, as shown in the schematic in Fig. 9 . In LiMnPO 4 , however, the growth of the newly-formed delithiated domains is limited by the high degree of lattice strain between the phases. The large shrinkage of 7.9% in the a direction results in fracturing at or near the phase boundary and ejection of small particles.
In contrast to LiFePO 4 , where the smaller interface strain promotes the growth of the deterioration of the electronic conduction paths during charging for long periods at high potentials, and to lower utilization during the subsequent discharge.
Improved thermal stability
When heated in an inert atmosphere, chemically delithiated phosphates, Li x Mg x Mn 1-x PO 4 , were found to decompose and release O 2 , as evidenced by the XRD studies (Fig. 12) . The reaction path, however, is largely influenced by the amount of Mg 
Oxygen released from cathode materials is known to react with the solvents in lithium-ion battery cells. The heat produced can be measured by differential scanning calorimetry (DSC) 4 In the presence of 1M LiPF 6 in PC and EC (44:56 by mole ratio), the amount of heat produced decreased monotonically as the Mg content increased from 0 to 0.5, as shown in the DSC profiles of the Li x Mg x Mn 1-x PO 4 series in Figure 13a . The onset and peak temperatures of the exothermic reaction gradually increased with increasing Mg substitution, while the total heat evolved decreased.
13 Fig. 13b shows the relationship between the evolved heat and the Mn content in the phosphates. As Mg is electrochemically and chemically inactive, both the theoretical capacity and the released oxygen vary in direct proportion to the Mn content in the phosphates. The Mg-substitution approach, therefore, entails a compromise between rate capability, stability, safety and energy density of the cathode material. We are currently investigating the kinetic and thermal properties of LiMnPO 4 in which Mn is substituted by electroactive metals, such as Fe, Co, and Ni.
Conclusions
Mg was introduced into the M-site to substitute Mn in LiMnPO 4 . The presence of Mg 2+ was found to improve the kinetics and the physical stability of the crystals during chemical and electrochemical delithiation, as well as the thermal stability of the delithiated phase. The best performance was found in the sample with 20% substitution.
The positive effect of Mg 2+ was attributed to the favorable particle morphology, as well as the reduced volume mismatch between the end members. Mg 2+ also dilutes the concentration of Jahn-Teller active ion, Mn 3+ , and reduces local stress in the olivine structure, thereby increasing structural stability. 
